I. Rare highly penetrant mutations and familial cancer syndromes
================================================================

A small proportion, approximately 5-10% of the familial aggregation of pancreatic cancer is thought to be explained by hereditary cancer syndromes and inherited forms of pancreatitis, caused by rare high-risk inherited mutations [@B10]-[@B18]. Multiple genes have been identified as carrying mutations that increase risk of pancreatic cancer, most often within multi-cancer familial cancer syndromes, but also in patients with inherited mutations that cause hereditary pancreatitis. While readers are referred to excellent reviews of high risk genes that predispose to pancreatic cancer [@B19]-[@B21], this review summarizes the most consistent findings:

**Peutz-Jeghers syndrome** is a rare autosomal dominant disease characterized by melanocytic macules of lips, buccal mucosa and digits, and benign intestinal polyps with a greatly increased risk of multiple malignancies that include gastrointestinal, breast and gynecological cancers [@B22]. Mutations in the *STK11* gene (chr19p13.3) which encodes the tumor suppressor serine/threonine protein kinase STK11 cause Peutz-Jeghers syndrome. They are associated with a high risk of pancreatic cancer (relative risk estimates range from 76-132) in studies conducted in the U.S. and Europe [@B23], [@B24]. *STK11* regulates diverse processes, such as cell growth, cell polarity, energy metabolism and apoptosis, mainly via regulation of AMPK/mTOR signaling [@B22].

**Familial atypical multiple mole and melanoma syndrome (FAMMM).**Inactivating mutations in the *CDKN2A* tumor suppressor gene (chr9p21.3) are associated with familial melanoma, an autosomal dominantly inherited cancer syndrome termed FAMMM [@B25]. Other cancers, including pancreatic cancer, are seen at a higher than expected frequency in a subset of FAMMM families [@B26], [@B27]. The *CDKN2A* gene encodes cyclin-dependent kinase inhibitor 2A (also called p16), an important cell cycle regulator that negatively regulates cell proliferation [@B25]. Among pancreatic cancer cases, either unselected or selected for positive pancreatic cancer family history, 0.6-3.3% have been described to carry deleterious germline mutations in *CDKN2A*, respectively [@B28], [@B29]. Specific *CDKN2A* mutations appear to be associated with a high frequency of pancreatic cancer. An example is the Dutch Leiden founder mutation (19 bp deletion in *CDKN2A*) which is associated with an estimated 48 fold increased risk of pancreatic cancer [@B30], [@B31].

**Hereditary nonpolyposis colorectal cancer (HNPCC)**, or **Lynch syndrome**, is characterized by germline mutations in DNA mismatch repair (MMR) genes that include *MLH1* (chr3p22.2), *MSH2* (chr2p21), *MSH6* (chr2p16.3) and *PMS2* (chr7p22.1). Bi-allelic loss of an MMR gene leads to genomic instability which is often manifested by microsatellite instability in colorectal tumors. Mutation carriers have an increased risk of multiple cancer types, most notably colorectal and endometrial cancer, but also pancreatic cancer [@B32]-[@B34]. A large study that included 147 families (over 6,000 individuals) with mutations in MMR genes, noted at least one case of pancreatic cancer in \~21% families. The cumulative risk of pancreatic cancer up to age 70 was 3.68% in this study, or close a 9 fold increased risk as compared to the general population [@B14]. **Familial adenomatous polyposis** (FAP) syndrome is characterized by numerous (often thousands) colorectal polyps and a greatly increased risk of colon cancer. This syndrome is caused by mutations in the *APC* tumor suppressor gene on chr5q22.2, which encodes a negative regulator of the WNT signaling pathway [@B35]. Pancreatic cancer has been observed at a higher than expected frequency in affected individuals with an estimated relative risk (RR) of 4.46 [@B36], [@B37].

**Hereditary breast and ovarian cancer syndrome (HBOC)**is characterized by germ-line mutations in the *BRCA1* and *BRCA2* genes and an increased risk of breast, ovarian, prostate and pancreatic cancer [@B38], [@B39]. These two genes encode tumor suppressor proteins that play important roles in DNA damage response and DNA repair to protect genome integrity [@B40]. Mutations in *BRCA2* (chr13q13.1) have been associated with an increased risk (\~4-6 fold) of pancreatic cancer in multiple studies [@B41]-[@B43]. Results for *BRCA1* (chr17q21.31) have been less consistent across studies and range from no effect to \~4 fold increased risk [@B42], [@B44]. Two additional genes that increase risk of breast cancer, namely *PALB2* (chr16p12.2) and *ATM* (11q22.3) have also been found mutated in pancreatic cancer families [@B13], [@B29], [@B45]-[@B48]. *PALB2* encodes partner and localizer of BRCA2, a protein that interacts with BRCA1 and BRCA2 and is required for localization of BRCA2 to nuclear double strand DNA break repair foci [@B49]. *ATM* encodes a serine/threonine kinase member of the phosphatidylinositol 3-kinase family which plays a central role in the repair of double-strand DNA breaks and cell cycle checkpoint control [@B50].

**Hereditary pancreatitis** (HP). Pancreatitis is an inflammatory condition of the pancreas resulting from premature activation, or lack of inhibition, of digestive enzymes in the pancreas that can lead to exocrine damage and pancreatic insufficiency [@B51]. Inherited forms of pancreatitis (hereditary pancreatitis, HP) are characterized by recurrent episodes of acute pancreatitis that often start in childhood or early adolescence and eventually develop into chronic pancreatitis in adulthood [@B19], [@B21]. The most common causes of HP are germline gain of function mutations in the serine-1 protease gene, *PRSS1* (chr7q34). This gene encodes trypsin-1 (cationic trypsinogen), a digestive enzyme normally synthesized in large amounts by the acinar cells of the exocrine pancreas as an inactive pro-enzyme that is cleaved and activated in the gastrointestinal tract. In HP patients, the gain of function mutations lead to enhanced trypsinogen auto-activation and, in some cases, reduce its inactivation [@B52]. Other genes have been reported to influence susceptibility to pancreatitis, including *SPINK1*(encoding pancreatic secretory trypsin inhibitor), *CFTR* (cystic fibrosis transmembrane conductance regulator), *CTRC* (chymotrypsin-C) and *CASR* (extracellular calcium-sensing receptor) [@B18], [@B53]. A recent meta-analysis estimated that chronic pancreatitis and hereditary pancreatitis were associated with 13.3 and 69.0 fold increased risk of pancreatic cancer, respectively [@B54].

II. Common low risk pancreatic cancer susceptibility loci
=========================================================

While linkage analysis and sequencing approaches (candidate gene, exome or whole genome) have been successful in identifying germline mutations in high risk cancer susceptibility genes that influence the risk of pancreatic cancer, these methods are less suitable for the identification of common germline variation that infers low risk to carriers. The approach used successfully in the last decade to uncover this class of susceptibility alleles for many diseases and traits has been to scan hundreds of thousands - to millions - common germline variants (mostly single nucleotide polymorphisms, SNPs) across the genome using microarrays. These scans, termed Genome Wide Association Studies (GWAS), are agnostic gene mapping approaches conducted in large numbers of case and control subjects, and, due to the multiple testing aspect, require stringent thresholds of significance (generally *P*\<1x10^-8^ or 5x10^-8^) and validation in independent sample sets [@B55], [@B56]. Notably, due to the design of these studies, the GWAS approach identifies germline variation that, in most cases, is non-coding and therefore does not alter the amino acid sequences of proteins but rather, may influence expression of genes located close by or even at a considerable distance.

The first pancreatic cancer GWAS were performed by the Pancreatic Cancer Cohort Consortium (PanScan) and the Pancreatic Cancer Case Control Consortium (PanC4) with the aim of identifying common susceptibility markers for this deadly disease. Four GWAS phases have now been reported: PanScan I in 2009, PanScan II in 2010, PanScan III in 2014 and PanC4 in 2015 [@B57]-[@B60]. The first two phases of PanScan consisted of twelve case-control studies nested within prospective cohort studies and eight case-control studies, including 3,851 patients diagnosed with pancreatic ductal adenocarcinoma (PDAC) and 3,934 control subjects of European ancestry [@B57], [@B58]. Four genome wide significant pancreatic cancer risk loci were identified: chromosome 9q34.2 (in the *ABO* blood group gene), 1q32.1 (in *NR5A2*), 5p15.33 (in the *CLPTM1L*-*TERT* gene region) and 13q22.1 (in a large non-genic region flanked by *KLF5* and *KLF12*). The third phase of PanScan (PanScan III) added 1,582 newly genotyped pancreatic cancer cases and 5,203 control subjects with replication in samples from the European PANDoRA case-control consortium [@B61] resulting in a total of 7,683 cases and 14,397 control subjects, adding 5 GWAS significant (and one suggestive) risk loci on chromosomes 5p15.33 (second independent risk locus in the *CLPTM1L*-*TERT* gene region), 7q23.2 (*LINC*-*PINT*), 16q23.1 (*BCAR1*), 13q12.2 (*PDX1*), 22q12.1 (*ZNRF3*) and 8q24.1 (nongenic) [@B59]. The most recent GWAS, led by PanC4, added 4,164 newly scanned pancreatic cancer cases and 3,792 control subjects. With replication phases, it included a total of 9,925 cases and 11,569 control subjects of European ancestry (including PanScan I and II). After replication of the top hits from stage I in PANDoRA, four new GWAS significant loci were uncovered on chromosomes 17q24.3 (*LINC00673*), 2p14 (*ETAA1*), 7p14.1 (*SUGCT)* and 3q28 (*TP63*) [@B60]. Thus, a total of 13 common germline risk loci that have reached a GWAS significance threshold (*P*\<5x10^-8^) are currently known for pancreatic cancer risk (**Table [1](#T1){ref-type="table"}, Figure [1](#F1){ref-type="fig"}**) in populations of European ancestry.

**[Chromosome 1q32.1/*NR5A2*]{.ul}**[.]{.ul}The most significant GWAS SNP on chr1q32.1 maps to the first intron of the *NR5A2* gene (rs3790844, OR=0.77, *P*=2.5x10^-10^) (**Table [1](#T1){ref-type="table"}**) [@B58], [@B59]. This gene encodes nuclear receptor subfamily 5 group A member 2 (NR5A2), sometimes referred to as liver receptor homolog-1 (LRH-1). NR5A2 is a transcription factor that plays important roles in multiple aspects of pancreatic development and function, including cholesterol synthesis, bile acid homeostasis, steroidogenesis and in regulating stemness [@B62]-[@B64]. Likewise, NR5A2 is an important regulator of exocrine function in the adult pancreas where it regulates the expression of a number of acinar specific genes [@B65]. Nr5a2 is required for early embryonic development and mice that lack both copies of *Nr5a2* die at embryonic day 7 [@B66]. However, heterozygous *Nr5a2*mice are viable and exhibit increased rates of pancreatic acinar to ductal metaplasia (ADM) and impaired recovery after chemically induced acute pancreatitis [@B67], [@B68]. Furthermore, *Nr5a2*haploinsufficiency cooperates with pancreatitis in a mouse model driven by oncogenic *KRAS*, increasing the number of preneoplastic PanIN (Pancreatic Intraepithelial Neoplasia) lesions and driving their progression toward PDAC [@B67], [@B68]. Thus, NR5A2 appears to be important for maintaining homeostasis in the exocrine pancreas and promote the regeneration of functional acinar cells from metaplastic duct-like cells after inflammation caused by pancreatitis, and protect the pancreas from *KRAS* driven pre-neoplastic changes. Although the mechanism by which variants on chr1q32.1 mediate risk of pancreatic cancer is not clear, the mouse studies described above indicate that the underlying mechanism may involve negative regulation of *NR5A2* gene expression or function, perhaps in combination with inflammation in the pancreas.

**[Chromosome]{.ul}**[**2p14/*ETAA1***]{.ul}**.** A suggestive risk locus was first identified at 2p14 in a pancreatic cancer GWAS conducted in Chinese individuals (rs2035565, OR=1.33, *P*=5.5x10^-7^) [@B69]. A highly correlated SNP (r^2^=0.97 in 1000 Genomes (1000G) EUR and EAS populations [@B70]) was identified in the most recent GWAS conducted by the PanC4 consortium (rs1486134, OR=1.14, *P*=3.4x10^-9^) [@B71]. These two SNPs are located 20 kb apart, approximately 5 kb upstream and 2 kb downstream of the *ETAA1* gene that encodes Ewing\'s tumor-associated antigen 1 (also named Ewing\'s tumor-associated antigen 16), a 926 amino acid cell surface antigen of relatively unknown function [@B72].

**[Chromosome]{.ul}**[**3q28/*TP63***]{.ul}**.**The most significant association at 3q28 was seen for rs9854771 (OR=0.89, *P*=2.4x10^-8^), in *TP63* [@B71]. This gene encodes tumor protein p63, a member of the p53 family of transcription factors (that includes p53, p63 and p73). Although the three proteins are highly homologous and share multiple functions, they each have unique functions as well [@B73]. Similarly to p53, p63 (and p73) can induce cell cycle arrest and apoptosis. Alternative splicing of *TP63* generates the so called ΔN p63 isoforms, that lack the acidic transactivation domain (encoded by exons 1-3) and act in a dominant-negative fashion upon p63, p53 and p73 [@B74]. The *TP63* gene is amplified in many tumors including squamous cell lung cancers, neck and esophageal cancers that results in overexpression of the dominant negative form of the protein [@B73], [@B75]. The most significant variant at 3q28 (rs9854771) lies in the fourth intron of the full length *TP63* isoforms, but in the first intron of the ΔN *TP63* isoforms.

**[Chromosome 5p15.33/*CLPTM1L/TERT*]{.ul}**[.]{.ul} Three independent pancreatic cancer risk loci have now been identified in the multi-cancer *TERT-CLPTM1L*risk region on chr5p15.33. In addition to pancreatic cancer, this locus has been associated with risk of basal cell skin, bladder, breast, chronic lymphocytic leukemia, endometrial, glioma, lung, melanoma, ovarian, prostate and testicular cancer, intriguingly, with the same alleles showing increased risk for some cancers but decreased risk of other cancer types [@B76]-[@B89]. The *TERT* gene encodes the protein coding and catalytic subunit of telomerase, known for its essential role in maintaining telomere ends and the increased telomerase activity often seen in human cancers [@B90]-[@B92]. Telomerase also exhibits telomere independent functions, including regulation of gene expression, cell survival, epithelial to mesenchymal transition (EMT) and mitochondrial function [@B93]. The cleft lip and palate associated transmembrane 1 like (CLPTM1L) protein is a survival factor in lung cancer where it protects cells from apoptosis after treatment with DNA damaging agents [@B94], [@B95]. It is overexpressed in a subset of pancreatic tumors and has been shown to enhance growth of pancreatic cell lines *in vitro* and *in vivo*, as well as increase their rates of aneuploidy [@B96]. The first pancreatic cancer risk locus on 5p15.33 (identified in PanScan II) was marked by an intronic SNP (rs401681, OR=1.19, *P*=3.7x10^-7^) in *CLPTM1L*[@B58]. A second independent signal was identified in PanScan III, tagged by a synonymous SNP (rs2736098, OR=0.80, *P*=9.8x10^-14^) in the second exon of *TERT*[@B59]. Both SNPs were also identified in a subset based meta-analysis of multiple cancer types that identified six independent risk loci in the *TERT*-*CLPTM1L* region and fine-mapped the original signal for pancreatic cancer (marked by rs401681) to rs451360 (OR=1.29, *P*=2.0x10^-10^) and a set of highly correlated SNPs [@B97]. Pancreatic cancer contributed to risk in all six *TERT*-*CLPTM1L* risk loci, indicating that similar approaches across cancer types in other multi-cancer risk loci may prove useful to identify additional pancreatic cancer susceptibility variants that may not reach genome wide significance in single cancer GWAS due to lack of statistical power. The synonymous SNP in *TERT*, and several correlated variants in this genomic region, have been associated with telomere length in white blood cells and with *TERT* promoter activity *in vitro* [@B82], [@B98], [@B99]. Recently, a third independent risk locus was identified in this genomic region through a candidate gene analysis of the *TERT* and *TERC* genes in 5,550 pancreatic cancer cases and 7,585 control subjects from PANDoRA and PanScan. The most significant SNP (rs2853677, OR=0.85, *P*=8.3x10^-8^) was also described in the multi cancer fine-mapping study described above (as Region 3) [@B97], [@B100].

**[Chromosome]{.ul}**[**7p14.1/*SUGCT*.**]{.ul} This risk locus is tagged by rs17688601 (OR=0.88, *P*=1.4x10^-8^), a SNP in the succinyl-CoA:glutarate-CoA transferase (*SUGCT*) gene, previously named *C7orf10* (chromosome 7 open reading frame 10) [@B71]. This gene encodes succinate-hydroxymethylglutarate CoA-transferase which catalyzes the succinyl-CoA-dependent conversion of glutarate to glutaryl-CoA [@B101].

**[Chromosome 7q32.3/*LINC-PINT*]{.ul}**. The signal on 7q32.3 is marked by an intronic SNP (rs6971499, OR=0.79, *P*=3.0x10^-12^) in *LINC-PINT*, a long intergenic p53-induced non-protein coding gene involved in epigenetic silencing [@B59], [@B102]. Two additional candidate genes are located nearby: *MKLN1* and *KLF14*. The former encodes Muskelin 1, an intracellular mediator of cellular spreading, and the latter, *KLF14*, encodes a member of the Kruppel-like family of transcription factors, which may suppress KRAS mediated cell growth [@B103]-[@B105], and acts as a master regulator of gene expression in adipose tissue [@B106]-[@B108].

**[Chromosome 8q24.21/*LINC00824*]{.ul}**. A promising, near-GWAS significant risk locus was identified in PanScan III in the well-known multi-cancer risk locus on 8q24.21 (rs1561927, OR=0.87, *P*=1.3x10^-7^) [@B59]. The signal lies within a non-protein coding transcript, *LINC00824* of unknown function. Additional candidate genes are located 400-800 kb centromeric of this SNP: *MIR1205-MIR1208*, *TMEM75*, *PVT1*, and *MYC*. Chromosome 8q24.21 is known to contain multiple cancer susceptibility loci that span over 2Mb [@B109], [@B110]. As most are located far away from this SNP, with low levels of linkage disequilibrium (LD), they are not likely to represent the same signal. Moderate LD was noted with a SNP that is 24 kb upstream of rs1561927 and reported to be associated with ovarian cancer risk (rs10088218, r^2^=0.33 in 1000G EUR data) indicating that it may mark the same risk locus on 8q24.21 [@B111].

**[Chromosome 9q34.2/*ABO*]{.ul}**[.]{.ul}The *ABO* locus was the first common pancreatic cancer risk locus identified by GWAS in 2009 [@B57]. The protective allele of the most significant SNP on 9q34.2 in the *ABO* gene (rs505922, OR=1.20, *P*=5.4x10^-8^) is in complete linkage disequilibrium (LD) with the O allele of the *ABO* locus (r^2^=1 in 1000G EUR). The *ABO* gene encodes a glycosyltransferase (Histo-blood group ABO system transferase) that catalyzes the transfer of specific carbohydrates to the H antigen, thereby forming the antigenic structures of the ABO blood groups as initially described by Karl Landsteiner in 1900. The A and B alleles of the *ABO* gene encode proteins that differ only slightly in amino acid sequence but catalyze the transfer of different carbohydrates (N-acetylgalactosamine or galactose) onto the H antigen. In contrast, the O allele contains a single base deletion that shifts the reading frame of *ABO* and results in a nonfunctional protein and a lack of A or B antigens [@B112]. A set of small studies published in the 1950s and 1960s reported an association between ABO blood type and gastrointestinal cancers [@B113], [@B114] and the discovery of the 9q32.2/*ABO* risk locus rekindled interest in the connection between blood groups and pancreatic cancer. Using PanScan GWAS data, individual ABO alleles were inferred and their association with pancreatic cancer risk determined showing that individuals with inferred A (OR=1.38), AB (OR=1.47) and B (OR=1.53) blood groups had an increased risk of pancreatic cancer as compared to the O group [@B115]. The fact that the A1 alleles conferred an increased risk of pancreatic cancer (OR=1.38), whereas A2 alleles did not, furthermore suggested that increased glycosyltransferase activity of the former, either towards the H antigen or other proteins, might explain the underlying biology of this risk locus [@B116], [@B117]. Since the PanScan GWAS report linking ABO blood groups and risk of pancreatic cancer was published in 2009, numerous studies have investigated the association of blood groups with cancer risk; the most consistently significant findings have been noted for gastric and pancreatic cancer [@B118]-[@B121].

**[Chromosome 12q24.31/*HNF1A*]{.ul}**[.]{.ul} A suggestive risk locus near the *HNF1A* gene was noted in PanScan III at a level approaching GWAS significance (rs1182933, OR=1.12, *P*=1.1x10^-6^) [@B59]. A correlated variant was observed at a similar significance in the PanC4 GWAS (rs7310409, OR=1.11, *P*=6.3x10^-7^) [@B71]. These two SNPs are correlated (r^2^=0.43 in the 1000G EUR populations) and may represent the same signal. *HNF1A* encodes hepatocyte nuclear factor 1α, a transcription factor known to play important developmental and homeostatic roles in the pancreas and other gastrointestinal organs [@B122]-[@B125]. Germ-line mutations in *HNF1A* cause maturity onset diabetes of the young (MODY) type 3, and account for a sizeable fraction of all MODY cases [@B126], [@B127]. Genome-wide association studies have identified common susceptibility variants in the vicinity of the *HNF1A* gene for T2D, cholesterol and blood levels of C-reactive protein [@B128]-[@B130]. Interestingly, pathway-based analyses of pancreatic cancer GWAS data have also identified potential pancreatic cancer risk SNPs in the *HNF1A* gene [@B131], [@B132]. A transcriptome and sub-network analysis identified HNF1A as the upstream regulator of a highly significantly deregulated expression sub-network in pancreatic tumors [@B133]. Overexpression of *HNF1A* in pancreatic cell lines resulted in cell cycle arrest, apoptosis and growth inhibition concomitant with deregulation of cell cycle and apoptosis genes indicating that HNF1A may function as a tumor suppressor gene in the pancreas [@B133].

**[Chromosome 13q22.1]{.ul}**[.]{.ul} The top ranked GWAS SNP (rs9543325, OR=1.26, *P*=3.27x10^-11^), on chr13q22.1 lies in a large (600 kb) non-genic region [@B58] suggesting that the functional variant could impact gene expression via long range intra- or inter-chromosomal interactions. This non-genic region on chr13q22.1 is flanked by two genes encoding transcription factors of the Kruppel-like family: *KLF5* and *KLF12*. Both genes encode proteins that regulate cell growth and transformation [@B134]-[@B136] and *KLF5* has been reported to be upregulated in pancreatic cancer [@B137]. Additional genes, either nearby or at a greater distance could be functionally relevant to the mechanism by which the chr13q22.1 GWAS locus confers risk of PDAC.

**[Chromosome]{.ul}**[**13q12.2/*PDX1***]{.ul}. A second independent signal was identified on chromosome 13 in PanScan III, on 13q12.2 (rs9581943, OR=1.15 *P*=2.4x10^-9^) [@B59]. The top ranked SNP is located in the promoter region of the *PDX1* (pancreatic and duodenal homeobox1 protein 1) gene and is intronic to *PDX1*-*AS1* (PDX1 antisense RNA 1), a noncoding RNA of unknown function. PDX1 plays a critical role in early pancreatic development, as well as in the differentiation of exocrine pancreas, and regulates beta-cell function in the mature pancreas [@B138], [@B139]. Mutations in this gene have been linked to agenesis of the pancreas [@B138] and maturity onset diabetes of the young (MODY type 4) [@B140]. Furthermore, PDX1 has been implicated in glucose-dependent regulation of insulin gene transcription [@B141], and seems a good candidate gene for this locus, although functional work is required to uncover the mechanistic basis of this association signal.

**[Chromosome 16q23.1/*BCAR1*]{.ul}**[.]{.ul} A synonymous SNP residing in the last exon of *BCAR1* (also known as p130Cas) was noted on 16q23.1 (rs7190458, OR=1.46, *P*=1.1x10^-10^) [@B59]. BCAR1 functions as an adaptor protein that coordinates cell cycle control, cytoskeleton organization, and cell migration. Aberrant expression of this gene has been linked to transformation and progression of multiple cancer types [@B142], [@B143]. Two chymotrypsinogen genes, *CTRB1* and *CTRB2* are also located close to this SNP (5kb and 23kb, respectively) and as important members of a family of serine proteases secreted by the pancreas into the gastrointestinal tract, are plausible target genes for susceptibility variants at this locus [@B144]. Because of the increased risk of pancreatic cancer associated with pancreatitis and digestive enzyme dysregulation, it is tempting to speculate that the underlying molecular mechanism of this risk locus may involve the chymotrypsinogen genes. However, as in all risk loci, fine-mapping and wet-lab work is required to understand the functional consequences of carrying risk variants at 16q23.1.

**[Chromosome 17q24.3/*LINC00673*]{.ul}**. The signal at 17q24.3 maps to *LINC00673* (long inter-genic non-protein coding RNA 673) (rs11655237, OR=1.26, *P*=1.42x10^-14^). *LINC00675* is also termed *HI-LNC75*, and is a long noncoding RNA of unknown function that is expressed in pancreatic beta-cells [@B145]. An interesting candidate gene located \~ 280 kb upstream, *SOX9*, encodes a transcription factor that marks multipotent pancreatic progenitor cells and is important for the development of both the exocrine and endocrine pancreas. In the adult pancreas, it is expressed in ductal and centroacinar cells where it maintains homeostasis and is important for regeneration after chemically induced pancreatitis [@B146], [@B147]. Sox9 expression in pancreatic acinar cells of mouse models induces acinar to ductal metaplasia (ADM) and is required for *KRAS* mediated formation of preneoplastic (PanIN) lesions [@B148].

**[Chromosome 22q12.1/*ZNRF3*]{.ul}**[.]{.ul} The most significant SNP at 22q12.1, (rs16986825, OR=1.18 *P*=1.2x10^-8^) [@B59], is located in the first intron of the zinc and ring finger 3 (*ZNRF3*) gene, which encodes a transmembrane E3 ubiquitin protein ligase that negatively regulates the Wnt signaling pathway [@B149]. At some distance from the most notable SNP (162 kb centromeric) in this locus is *CHEK2*, a gene that encodes a well-known cell-cycle checkpoint kinase that cooperates with p53, BRCA1 and ATM in response to DNA damage and may therefore represent a candidate gene worthy of further follow-up [@B150], [@B151].

Common pancreatic cancer risk loci in non-European populations
==============================================================

In addition to GWAS performed by the Pancreatic Cohort Consortium and PanC4 in which the majority of subjects were of European ancestry, such scans have also been performed in case-control studies from China and Japan. A two phased GWAS with a combined set of 3,584 pancreatic cancer cases and 4,868 control subjects from China (ChinaPC) identified five GWAS significant risk loci on chromosomes 5p13.1/*DAB2*, 10q26.11/*PRLHR*, 21q21.3/*BACH1*, 21q22.3/*TFF1*, and 22q13.32/*FAM19A5* (**Table [2](#T2){ref-type="table"}**) [@B69]. A Japanese GWAS of 991 advanced pancreatic ductal adenocarcinoma cases and 5,209 control subjects reported three loci approaching GWAS significance on chromosomes 6p25.3/*FOXQ1*, 7q36.2/*DPP6*, and 12p11.21/*BICD1* (**Table [3](#T3){ref-type="table"}**) [@B152]. Both the Chinese and Japanese GWAS scans replicated the chr13q22.1 locus initially discovered in PanScan, and noted the risk locus on chr1q32.1/*NR5A2*, albeit with less significance. The risk locus on chromosome chr5p15.33/*TERT*/*CLPTM1L* (initially tagged by rs401681 and rs31490) was only noted in the Chinese GWAS scan, and 9q34.2/*ABO* only in the Japanese scan.

Assessment of the Chinese and Japanese pancreatic cancer risk loci in the European PANcreatic Disease ReseArch (PANDoRA) case-control consortium and in PanScan III did not replicate any of the GWAS significant pancreatic cancer susceptibility loci identified in Asians [@B59], [@B153]. However, 2p14/*ETAA1* (suggestive in ChinaPC) replicated and became GWAS significant in the PanC4 GWAS [@B71] indicating that added case-control samples sets may reveal more overlap between GWAS findings for pancreatic cancer across populations [@B154].

Pathway analyses of pancreatic cancer GWAS datasets
===================================================

Pathway based analyses have been used to mine PanScan I and II GWAS data to identify genes, or groups of genes, enriched with variants whose individual effects may be too small to be detected in the GWAS [@B57], [@B58]. These approaches have highlighted pancreatic development genes including *HNF1A*, *HNF4G*, *HNF1B*and*PDX1*[@B131], [@B132] that encode important components of the transcriptional networks that govern embryonic development of the pancreas, and maintain homeostasis in the adult gland [@B155], [@B156]. In addition, mutations in *HNF1A*, *PDX1*, and *HNF1B* are responsible for maturity onset diabetes of the young (MODY types 3, 4 and 5) [@B157]-[@B159]. Likewise, common variants in *HNF1A* and *HNF1B* have been associated with risk of type II diabetes [@B106], [@B128], [@B160]. With the added numbers of cases and controls in the third phase of PanScan as compared to the first two phases, the significance of two of these genes/loci (*PDX1* and *HNF1A)* improved markedly [@B59], indicating that pathway analysis of GWAS datasets can tease out additional genes that influence risk of pancreatic cancer. These results furthermore suggest possible functional inter-relationships between inherited variation in genes important for pancreatic development, diabetes and pancreatic cancer risk.

Functional understanding of common pancreatic cancer risk loci
==============================================================

As for most other risk variants discovered through GWAS, common pancreatic cancer risk variants discovered to date are not protein coding, but rather reside in introns or intergenic regions of the genome. Much work is required after GWAS to uncover the biological mechanism(s) that explain risk at each locus. The first steps along the way are fine-mapping efforts and genomic characterization of each locus to identify the most significant tag SNPs and catalog transcribed sequences and potential functional gene regulatory regions. This is often done in conjunction with functional analysis of multiple highly correlated tag SNPs. Functional efforts involve genomic and wet lab based approaches, such as investigating gene expression levels, splicing, promoter or enhancer strength, DNA methylation, protein to DNA binding, and chromosome conformation analysis. The aim of these studies is to correlate risk genotypes to differences in specific molecular phenotypes to establish the underlying molecular mechanism at each locus.

Summary and future perspectives
===============================

It is clear that pancreatic cancer is a polygenic disease with multiple high and low risk germline susceptibility alleles. The continued search for common and rare germline variants that influence risk of pancreatic cancer holds the promise of increasing our understanding of the genetic susceptibility of this devastating disease. Initially, gene mapping in families with a high incidence of pancreatic cancer was undertaken via linkage analyses and candidate gene approaches, and more recently by whole-exome and whole-genome sequencing studies. Genes identified through this work tend to primarily influence other cancer types (including breast, ovarian, colorectal cancer and melanoma) with either moderately increased or highly increased risk of pancreatic cancer in carriers.

The search for common germline pancreatic cancer risk variants, launched by large cohort and case-control consortia in 2009, has yielded valuable insights into the etiology of pancreatic cancer. Six published pancreatic cancer GWAS studies have yielded 18 GWAS significant (and multiple suggestive) risk loci to date in European and Asian populations. As these loci only account for \~15-20% of the total heritability tagged by common SNPs, it is likely that additional pancreatic risk loci will be uncovered in future studies with larger sample sets, and in different populations around the world. Imputation and meta-analyses of existing and new GWAS datasets are expected to add to this list. Likewise, efforts in pancreatic cancer GWAS studies outside of main effects are likely to expand by investigations of susceptibility variants for survival, pharmacologic responses as well as gene-gene and gene-environmental interactions and will hopefully uncover additional risk variants [@B161]-[@B163]. The complex genetic architecture of pancreatic cancer will require exome and whole genome sequencing efforts in familial and sporadic cases in order to reach into the space between rare high risk and common low risk variants (as seen by the middle shaded circle in **Figure [1](#F1){ref-type="fig"}**) and the data generated is likely to become useful for imputation efforts into existing GWAS datasets. As population based sequencing studies have already shown, the number of uncommon and rare polymorphic variants in the human genome is very high [@B164], and may explain a substantial portion of germline risk for disease. High throughput sequencing approaches will furthermore better enable the assessment of variants not captured on GWAS platforms, such as insertion/deletion (indel) polymorphisms and copy number variants.

Although advances have been made in our understanding of the role common genetic variation plays in pancreatic cancer etiology, a considerable amount of work lies ahead in uncovering a larger number of common, uncommon and rare pancreatic cancer risk susceptibility alleles. Likewise, the identification of causative variants at each locus and the elucidation of the functional mechanism by which they mediate risk will require a great effort. A large collection of tissue samples and a wide variety of methodologies are required, including statistical, genetic, genomic, molecular, cell biology and animal model technologies. The hope is that this work may eventually help enable the development of diagnostic, prognostic, preventive and therapeutic tools to combat this highly lethal and devastating disease.

![**The current landscape of inherited pancreatic cancer risk variants.**Allele frequencies ranging from rare to common are shown on x-axis, and effect sizes ranging from low to high on the y-axis. The clusters represent genes with germline mutations identified through linkage, candidate gene and sequencing approaches (top left) and chromosomal band locations for common susceptibility loci identified through GWAS (lower right). Genes that are mutated as part of multi cancer syndromes are listed in black, genes that influence hereditary pancreatitis are listed in green. Common, low risk pancreatic cancer risk loci are shown in the lower right hand part of the figure and colored according to the GWAS phase they were identified: PanScan I (blue), PanScan II (red), PanScan III (purple) and PanC4 (orange). GWAS loci from non-European populations were not included in the figure but are listed in tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}. Figure layout was adapted from Manolio T.*et.al, Nature 2009*[@B56] with permission.](ijbsv12p0314g001){#F1}

###### 

GWAS significant pancreatic cancer susceptibility loci discovered in PanScan I, II and III and PanC4

  Chr        Gene(s)                      SNP           Location      Minor/major allele   OR (95% CI)        MAF    *P*
  ---------- ---------------------------- ------------- ------------- -------------------- ------------------ ------ ---------------
  9q34.1     *ABO*                        rs687289      136,137,106   T/C                  1.27 (1.20-1.35)   0.37   1.6 x 10^-16^
  13q22.1    *KLF5, KLF12*                rs9543325     73,916,628    C/T                  1.23 (1.18-1.30)   0.39   4.3 x 10^-14^
  17q24.3    *LINC00673*                  rs11655237    70,400,166    T/C                  1.26 (1.19 1.34)   0.11   1.4 x 10^-14^
  5p15.33    *TERT, CLPTM1L*              rs2736098     1,294,086     T/C                  0.80 (0.76-0.85)   0.23   9.8 x 10^-14^
  7q32.3     *LINC-PINT*                  rs6971499     130,680,521   C/T                  0.79 (0.74-0.84)   0.13   3.0 x 10^-12^
  5p15.33    *CLPTM1L, TERT*              rs31490^\#^   1,344,458     A/G                  1.20 (1.14-1.27)   0.44   2.0 x 10^-11^
  1q32.1     *NR5A2*                      rs10919791    199,965,168   A/G                  0.79 (0.75-0.85)   0.22   1.4 x 10^-11^
  16q23.1    *BCAR1, CTRB1, CTRB2*        rs7190458     75,263,661    A/G                  1.46 (1.30-1.65)   0.05   1.1 x 10^-10^
  13q12.2    *PDX1*                       rs9581943     28,493,997    A/G                  1.15 (1.10-1.20)   0.43   2.4 x 10^-9^
  2p14       *ETAA1*                      rs1486134     67,639,769    G/T                  1.14 (1.09-1.19)   0.27   3.4 x 10^-9^
  22q12.1    *ZNRF3*                      rs16986825    29,300,306    T/C                  1.18 (1.12-1.25)   0.16   1.2 x 10^-8^
  7p14.1     *SUGCT*                      rs17688601    40,866,663    A/C                  0.88 (0.84-0.92)   0.25   1.4 x 10^-8^
  3q28       *TP63*                       rs9854771     189,508,471   A/G                  0.89 (0.85-0.93)   0.39   2.4 x 10^-8^
  8q24.21    *LINC00824, MIR1208, PVT1*   rs1561927\*   129,568,078   C/T                  0.87 (0.83-0.92)   0.25   1.3 x 10^-7^
  12q24.31   *HNF1A*                      rs7310409\*   121,424,861   A/G                  1.11 (1.06-1.15)   0.42   6.3 x 10^-7^

Association results from GWAS studies conducted in pancreatic cancer cases and controls of European ancestry. PanScan I, II and III: 7,683 case and 14,397 control subjects. PanC4: 9,925 case and 11,569 control subjects. Note that PanScan I and II are common to both PanScan and PanC4 GWAS. Gene: closest RefSeq gene(s). SNP: rs number of SNP reported as most significantly associated with pancreatic cancer risk for each risk locus. Location: position of SNP in NCBI genome build 37 (Hg19). Minor and major alleles are listed. MAF: minor allele frequency in 1000G European (EUR) population as per 1000G Phase 3 version 1. \# This locus was originally tagged by rs401681 and has now been fine-mapped to rs451360 and correlated variants. \* Suggestive risk loci in both PanScan III and PanC4.

###### 

GWAS significant pancreatic cancer susceptibility loci discovered in ChinaPC GWAS

  Chr        Gene(s)     SNP          Location      Minor/major allele   OR (95% CI)        MAF    *P*
  ---------- ----------- ------------ ------------- -------------------- ------------------ ------ ---------------
  21q21.3    *BACH1*     rs372883     30,717,737    G/A                  0.79 (0.75-0.84)   0.46   2.2 x 10^-13^
  21q22.3    *TFF1*      rs1547374    43,778,895    G/A                  0.79 (0.74-0.84)   0.46   3.7 x 10^-13^
  10q26.11   *PRLHR*     rs12413624   120,278,944   A/T                  1.23 (1.16-1.31)   0.37   5.1 x 10^-11^
  22q13.32   *FAM19A5*   rs5768709    48,929,569    G/A                  1.25 (1.17-1.34)   0.23   1.4 x 10^-10^
  5p13.1     *DAB2*      rs2255280    39,394,989    C/A                  0.81 (0.76-0.87)   0.40   4.2 x 10^-10^

Association results from GWAS studies conducted in pancreatic cancer cases and controls of Chinese ancestry. ChinaPC GWAS: 3,584 case and 4,686 control subjects were included. Gene: closest RefSeq gene(s). SNP: rs number of SNP reported as most significantly associated with pancreatic cancer risk for each risk locus. Location: position of SNP in NCBI genome build 37 (Hg19). MAF: minor and major alleles are listed. Minor allele frequency (MAF) in 1000G East Asian (EAS) population as per 1000G Phase 3 version 1.

###### 

Suggestive pancreatic cancer susceptibility loci reported in a Japanese pancreatic cancer GWAS

  Chr        Gene(s)   SNP           Location      Minor/major allele   OR (95% CI)        MAF    P
  ---------- --------- ------------- ------------- -------------------- ------------------ ------ ------------
  6p25.3     FOXQ1     rs9502893     1,340,189     C/T                  1.29 (1.17-1.43)   0.37   3.3 x 10-7
  12p11.21   BICD1     rs708224      32,436,409    G/A                  1.32 (1.19-1.47)   0.35   3.3 x 10-7
  7q36.2     DPP6      rs6464375\*   153,625,843   T/C                  3.73 (2.24-6.21)   0.11   4.4 x 10-7

Association results from a GWAS study conducted in pancreatic cancer cases and controls of Japanese ancestry. A total of 991 case and 5,209 control subjects were inlcuded. Gene: closest RefSeq gene(s). SNP: rs number of SNP reported as most significantly associated with pancreatic cancer risk for each risk locus. Location: position of SNP in NCBI genome build 37 (Hg19). Minor and major alleles are listed. Minor allele frequency (MAF) in 1000G Japanese (JPT) population as per 1000G Phase 3 version 1. \*Results for recessive model is shown for this SNP.
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